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Abstract
The extracellular polymeric substances and microbial cytoplasmic contents seem to hold inorganic ions and organic products, such as proteins and carbohydrates that are of critical importance for the metabolism of hydrolytic and acidogenic anaerobic microorganisms. The addition of soluble microbially recovered nutrients from thermally treated digestate sludge, for the fermentation of thermally hydrolysed waste activated sludge, resulted in higher volatile fatty acids yields (VFAs). The yield of VFAs obtained from the recovered microbial nutrients was 27% higher than the no micronutrients control, and comparable to the yield obtained using a micronutrients commercial recipe. In addition, the use of a low pH resulting from a high sucrose dose to select spore forming acidogenic bacteria was effective for VFA production, and yielded 20% higher VFAs than without the pH shock and this associated with the addition of recovered microbial nutrients would overcome the need to thermally pre-treat the inoculum.
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1.	Introduction
A significant focus of research into anaerobic digestion process (AD)  in recent times, has been the enhancement of the acidogenic process, for the production of volatile fatty acids (VFAs), as essential precursors for the second-stage biomethanation process (Massanet-Nicolau et al., 2013), or as substrate for polyhydroxyalkanoate (PHA) production (Kedia et al., 2014), or for bioelectrochemical systems (BES) (Guwy et al., 2011). 
A variety of feedstocks, including, foodwaste, organic fractions of municipal solid waste (OFMSW), dairy wastewater and olive oil mill waste, have been evaluated for the production of VFAs (Lee et al., 2014). Some of the process conditions that have critically been evaluated in the optimisation of the production of VFA include: organic loading rate (OLR) (Kyazze et al., 2006), temperature (Yuan et al., 2009), pH (Massanet-Nicolau et al., 2008), hydraulic retention time (HRT) (Massanet-Nicolau et at., 2009) and additives such as surfactants and enzymes (Lee et al., 2014). It is important to note however that most of the previous research related to VFA production was conducted for optimisation of biohydrogen production, and not necessarily to investigate or optimise VFA production. In particular for sewage sludge, studies related to VFA production have been limited to a couple of lab-scale (semi) continuous fermentation studies (Morgan-Sagastume et al., 2011; Maharaj and Elefsiniotis, 2001) and very few full scale applications (Shana et al., 2003).
The selection of inoculum source, such as activated sludge, aerobic compost, thermally treated anaerobically digested sludge and soil, have also been identified as an important step in the optimisation of the hydrolytic-acidogenic fermentation process for VFA production (Hawkes et al., 2002). Thermally treated digested sewage sludge is often selected as inoculum for VFA and bio-hydrogen production, in that, the thermal treatment helps to eliminate the presence of VFA and hydrogen utilising microorganisms, leaving spore-forming bacteria species (Hawkes et al., 2002, Wang et al., 2003). As explained by Hawkes et al. (2002) bacterial species, such as Bacillus and Clostridium, undergo sporulation under unfavourable or stressful environmental conditions such as rising temperatures, low or high pH and depletion of nutrients. Non-spore forming microorganisms on the other hand, undergo cell lyses under unfavourable environmental conditions. As observed by Massanet-Nicolau et al. (2008), spore formers effectively undergo sporulation by heating mixed microflora at 110˚C for 20 min whilst non-spore formers undergo cell lyses. The cytoplasmic content of non-spore forming microbes is therefore expected to be released to solution after thermal treatment. According to Feeherry et al. (1986), even spore-forming bacteria undergo injury and eventually to cell lyses at ≥124ᵒC within 1 minute; 62 minutes is however required to achieve same results at 112.8ᵒC.
Thermal treatment for the selection of acidogenic microbes is also expected to cause the dissolution of extracellular polymeric substances (EPS) (a complex high-molecular-weight mixture of polymers) produced by the microorganisms that surrounds the cell wall, which also contain inorganic ions. Soluble microbial products such as nucleic acids, uronic acids, proteins, lipids and carbohydrates, also become available after thermal treatment of digested sludge (Sheng et al., 2010). Several studies have investigated the influence of various micronutrients on AD (Feng et al. 2010). There is however little knowledge about the influence of micronutrients on hydrolytic-acidogenic fermentation.  
This study aims to evaluate the importance of selection of inoculum and the use of micronutrients in VFA production from thermally hydrolysed secondary sewage sludge or waste activated sludge (WAS). The study also explores the use of soluble microbial nutrients (potentially in the EPS and soluble microbial products) after thermal treatment of digested sludge as micronutrients source to enhance VFA production. 
2.	Materials and methods
The acidogenic fermentation was carried out in 2.5 litre reactors with working volume of 2-litres. The reactors were kept in a shaking incubator equipped with temperature controllers, which maintained the operation temperature at 37 ± 1˚C. The incubator provided a constant agitation at 110 rpm. The inoculum was obtained from Welsh Water at the Cog Moor Wastewater plant; a conventional AD plant treating largely secondary sewage sludge without any pre-treatment.  The feedstock for the fermentation process was thermally hydrolysed waste activated sludge (TH-WAS), obtained from Welsh Water treatment plant in Cardiff. The thermal hydrolysis pre-treatment is carried out at 165oC and 6 bars for 30 min. The TH-WAS feedstock was collected at 2 weeks interval and stored in a refrigerator at 4ᵒC. All the reactors were operated at semi-continuous mode (once a day feeding during the week days), at an OLR of 25.54 gVS L-1 d-1. The reactors were operated at HRT of 2.8 days. The pH of the reactor content during the fermentation process was not controlled in the study. Samples were taken periodically for VFA measurement. The commercial nutrients (CN) was used to supplement the TH-WAS was the CR. TEplex Akut micronutrients obtained from Schaumann Bioenergy (Germany).The micronutrient-supplemented feedstock was prepared by adding CN to the TH-WAS substrate and stored at 4˚C for later use. Two runs of the same experiments were performed with the repeat taking place one month apart.
2.1.	Inoculum preparation and micronutrients recovery from digested sludge
The digested sludge was sieved through a 2 mm mesh to remove particulate matter. The sieved sludge was either used directly or heated at 110˚C for 20 minutes. 
A portion of the thermally treated sludge was then centrifuged at 3000 rpm for 20 minutes, after being allowed to cool to ambient temperature. The supernatant was decanted, and then filtered through a 0.2 μm pore size hollow-fibre membrane module (Tianjin Motian Membrane Eng. and Tech. Co. Ltd.), to remove any particulate matter as well as bacterial cells. The filtrate was heat-treated at 110ᵒC, and then stored at 4˚C for later use as micronutrient source (Recovered micronutrients, RM). 
2.2.	Experimental set-up
The study included six experimental set-ups involving inoculum pre-treatments and micronutrients addition, and their controls, as shown in Table 1. 
The start-up of all the NI-reactors (NI, NI-CN and NI-RM) involved a high loading of sucrose (a concentration of 30 g/l) causing a pH reduction and therefore making the environmental conditions more favourable for the acidogens, the important microbial population for the synthesis of VFAs. After the initial feeding with sucrose, the NI reactors were left for 56 hours without feed, at which time the pH of the reactor content reduced from an initial 7.35 to 4.05. The reactors were then fed with the TH-WAS substrate. The TH-WAS substrate was fed to the reactors in a semi-continuous mode by withdrawing (for analysis) and feeding the same amount daily. The N0 reactor used as control for the NI-reactors involved the use of untreated inoculum with no sucrose dosing.
2.3.	Analytical methods
The VFA concentrations in the samples were determined as described by Cruwys et al. (2002) using a head space gas chromatograph equipped with a flame ionisation detector (Perkin Elmer, UK). Soluble COD was measured analysed using the Hach Lanch COD kit. Soluble carbohydrate was determined in using the phenol-sulphuric assay (Dubois et al., 1956). The type and quantity of elements in the soluble fraction of the sludge, CN and RM solutions were determined using inductively coupled plasma optical emission spectrometry (ICP-OES) as describe by Fassel and Knlseley (1974).
3.	Results and Discussions
The different conditions of the acidogenic fermentation were repeated twice at one month interval. As shown in Table 2, the VFA yield obtained from Run 2 was generally higher than the yield obtained in Run 1. The difference in the two runs was in the concentration of the feedstocks, due to full scale variation in sludge concentration, which after preparation in the lab were 7.28 ± 0.43 g L-1 TS (59.03 ± 1.27% VS) in Run 1, compared to 8.23 ± 0.17 g L-1 TS (62.07 ± 0.35) in Run 2. The OLR in Run 2 was also higher than in Run 1, and that potentially resulted in the difference in the yield of VFAs. 
As shown in Table 2, the patterns of increase of VFA with the different conditions in the two runs were very similar. The major difference in the two runs was the VFA yield from the N0 reactor, which was nearly 72% higher in Run 2, as compared to Run 1. The lack of selecting specific microbial strains for acidogenic fermentation makes the digester more susceptible to process instability during start-up of the fermentation process. It can be deduced that acidogenic fermentation in the N0 reactor, was more active in Run 2 compared to Run 1 and that could have resulted from the higher loading in Run 2, which potentially contributed to an improved acidogenic promoting condition with a reduced pH. The discussion in this study was based on data analysis from Run 2. The determination of the average yield of VFA was carried out after 5 HRTs (day 14 - 31) from the initial TH-WAS feeding.
3.1.	Selection of optimal VFA producing inoculum
The sucrose (30 g/L) fermentation in the NI reactors, followed by 56 hours of fasting, prior to the TH-WAS feeding, resulted in an average inoculum pH of 4.00 ± 0.026 (Figure 2). The initial addition of the TH-WAS substrate increased the pH to 4.92, 4.96, 5.05 in the NI, NI-CN, NI-RM, respectively. The average pH of the HI inoculum was 7.30 ± 0.02, reducing to 7.28 and 7.20 in the HI and HI-CN respectively, at the start of the TH-WAS feeding (Figure 2). The pH of the N0 inoculum was 7.05. After the initial TH-WAS feeding, the pH increased to 7.32. During the steady-state of substrate fermentation (day 14 to 31), the pH in N0 reactor reduced to 6.75, compared to 5.96 pH observed in the NI reactor.  The results of an independent t test (Table 3b) showed that the mean difference between pH in NI and N0 reactors were statistically significant, t= 7.22, p= 0.000. The effect size, Cohen’s d (4.169) > 0.80 was large, indicating that the distribution of the mean values of the pH in the two reactors were very different from one another. As shown in Table 3b, the difference in the mean values of pH between the NI reactors (NI, NI-CN and NI-RM) and HI reactors (HI, HI-CN and HI-RM) were statistically significant from each other, p values < 0.05. The effect size between the NI reactors and HI reactors were all very large, indicating that the distribution of the mean values of the pH in the two groups of reactors were very different from each another. The results depicted different environmental conditions in the reactors based on the kind of inoculum pretreatment. The low initial pH after feeding in the NI reactors (around pH 5, as shown in Figure 2) favoured the hydrolytic bacteria, whose activity produced organic acids which potentially kept the pH against potential carbon dioxide/hydrogen carbonate/carbonate buffering in the continuous feeding of the TH-WAS substrate.  The relatively low pH in the NI and high pH in the N0 at the beginning and during stable fermentation of the TH-WAS substrate, in this study, suggested that pH was a significant factor in the microbial activity resulting in the higher yield of VFAs. 
The use of pH to repress methanogenic activity has been investigated by Zhu and Béland (2006); who similarly, observed no methanogenic activities when the starting pH was below 5.0. As they suggested, a low pH apart from selecting acidogenic bacteria, may also have a fatal effect on hydrogen production; hence the negligible yield of hydrogen in the NI compared to the N0. It could be suggested that the low pH shifted the metabolic activity towards VFA production.
The cumulative hydrogen production in all the reactors ranged between 0.29 and 4.78 L H2 kgVS-1 added (Table 3a). The relatively low pH due to the high loading of sucrose, and resultant high VFAs, at the start of the NI experiment, coupled with the low HRT and high OLR of the sewage sludge in the fermentation process was sufficient to create environmental conditions that was not favourable to the methanogens, thereby repressing methanogenic activity; indicated by the lack of methane production in the NI reactors (Table 3a). Similarly, the heat treatment of the inoculum in the HI setups, together with low HRT and high OLR, was also effective in the repression of the methanogenic activity, hence the lack of methane production in the HI and HI-CN reactors. In the N0 control experiment, however, an average methane concentration of 11.30 ± 1.48 % was observed, indicating the lack of complete repression of the methanogenic activity (Table 3a). The yield of hydrogen from the NI and NI-CN reactors were negligible when compared to the yield obtained from the N0, HI and HI-CN reactors. Although the hydrogen yield from the NI reactor (as shown in Table 3a) was significantly lower than that obtained from the N0 reactor, the higher yield of VFA in the NI reactors, indicated that microbial activity was directed towards the production of VFA, rather than hydrogen. 
As shown in Table 3a, the NI reactor produced a total VFA of 19.84±0.28 g VFACOD L-1, compared to the N0 (control) which resulted in a total VFA production of 16.56±0.46 g VFACOD L-1, representing a VFA yield increase of approximately 20%. The results of an independent t test (Table 3b) showed that the mean difference between VFA yields from NI and N0 reactors were statistically significant, t= 6.28, p= 0.000. The effect size, Cohen’s d (2.429) > 0.80 were large, indicating that the distribution of the mean values of VFA yields between the two reactors are very different from one another. 
The yield of VFA from the HI reactor was 22.98 ± 0.35 g VFACOD L-1, which was approximately 16% higher than the yield obtained from the NI reactor.  The mean difference between VFA yields from HI and NI reactors were also statistically significant, t= 7.36, p= 0.000. The effect size, Cohen’s d (2.884) > 0.80 were large, indicating that the distribution of the mean values of VFA yields between the two reactors are very different from one another. (Table 3a & 3b)
The trend of VFA production in NI and HI reactors, suggested the existence of similar microbial species or pattern of metabolism, contrary to that observed in the N0 reactor. The start-up process of high-loading of sucrose, resulting in low pH in the NI reactor, was potentially capable of selecting spore-forming microflora population (possibly of Clostridrium or Bacillus species) comparable to that obtained in the thermal pre-treatment set-up (HI reactor). As highlighted by Hawkes et al. (2002) the heat-shock technique used in the pre-treatment of inoculum have the potential of destroying non-spore-forming facultative anaerobic microorganisms, in addition to the methanogens, reducing the system capacity to consume any traces of oxygen, and hence limiting biogas production by removal of an inhibitor, and also other anaerobic metabolisms. The selection of acidogenic bacteria using low pH resulting from high organic loading, leads to higher microbial diversity, due to lack of chemical or physical pre-treatment (Zhu and Béland, 2006). Although the HI gave a higher yield of VFAs with an increased quantity of longer chain acids than the NI, it can be suggested that the use of untreated inoculum with an initial sugar shock and additional micronutrients is a viable technique for the optimization of VFA production and with a resultant increase ratio of acetic acid.
3.2	Enhancing VFA production witn nutrients 
Table 4a shows that the amount of soluble COD in the digested sludge (used as inoculum) increased from 1.99 ± 0.05 g/l to 6.49 ± 0.28 g/l, representing more than 3 fold increase due to the thermal treatment. The thermal treatment also increased the bioavailability of carbohydrates and proteins. Table 4b shows the VFA equivalent of the total COD in the CN and the RM solutions. The CN was added at a concentration of 0.28 g/kgVS, indicating a concentration of 0.018 g/l, representing 0.0018% (w/w). By comparing major nutrients such as Ca and Na, it was observed that the concentration of trace elements in the RM was generally 140 times less than the amount in the CN stock. The quantity of RM added was increased in an attempt to matchup the concentration in the CN added. The RM was therefore added at a concentration of 39.2 g/kgVS (2.539 g/l, indicating a percentage concentration of 0.253% (w/w) of the substrate added). The amount of COD in the CN and RM added was 0.0106 and 0.0164 g/l, equivalent to 0.0062 and 0.0096 g/l VFA, respectively. VFA production was expressed as COD equivalent (g COD) by converting VFA yield to g COD using the following conversion factors: 1.07 g COD g-1 acetic acid, 1.51 g COD g-1 propionic acid, 1.82 g COD g-1 butyric acid and 2.04 g COD g-1 valeric acid. The VFA equivalent of the COD added due to the CN and RM additions were then subtracted from the total VFA produced in the CN and RM reactors to obtain the VFA yielded through the actual fermentation. The COD added due CN and RM were minimal (Table 4b), having a VFA equivalent contribution of less than 0.4% of the total VFA yield.
As shown in Table 4b, the quantity of COD in the CN stock was quite high indicating the presence of other organic micronutrients, such as vitamins, apart from the trace metals. The quantity of vitamins was not measured and therefore their role in VFAs production is not within the scope of this paper.
3.2.1	The role of trace minerals in VFA production
Micronutrients including Co, Ni, Mo and Fe have been reported to be important in the metabolic and enzymatic activities of methanogenic microbes (Zhang et al., 2012). The negative effect of the deficiency of the micronutrients in AD has been widely referred, but the exact concentrations needed significantly differ depending on the type of substrate and operating conditions. The concentration of Co, Ni, Mo and Fe in the CN added in the fermentation process in this study, were 0.075, 0.159, 0.082 and 0.296 mg/l (Table 5). The concentrations of the same elements in the designated amount of the RM added to the reactor were 0.071, 0.106, 0.071, and 1.548 mg/l, respectively, compared to 0.202, 0.049, 0.040 and 0.201 mg/l, respectively, in the widely reported Wolin et at. (1963) recipe. The concentration of Co was relatively lower, whereas Ni, Mo and Fe in both CN and RM were above the formulations of Wolin et al. (1963).
Table 6 shows the quantity of trace minerals available in the NI, NI-CN and NI-RM reactors after substrate feeding. The concentration of Co, Ni, Mo and Fe in the NI reactor were, 0.043, 0.019, 0.006 and 15 mg/l, respectively. The concentration of the same elements in the NI-RM reactor was 0.076, 0.149, 0.026 and 26.06 mg/l, compared concentrations of 0.081, 0.279, 0.035 and 21.85 mg/l, of the same elements respectively, in the NI-CN reactor. As shown in Table 6 the concentration of all the minerals (except Al, Sb and Se) increased significantly after supplementation (comparing NI to NI-CN and NI-RM)
The concentration of Co, Ni, Mo in all the reactors were within the stimulatory concentrations, and outside the inhibitory concentrations for anaerobic digestion, as highlighted by Romero-Güiza et al. (2016). The concentrations of Fe in the all the reactors were particularly high, when compared to the stimulatory concentration of <0.3 mentioned by Romero-Güiza et al. (2016). Fe has widely by used by researchers not only for its capacity as a co-factor for enzymatic reactions in anaerobic digestion but also its ability reduce oxidative–reductive potential in anaerobic digestion (Romero-Güiza et al., 2016). The inhibitory concentrations of Fe on anaerobic hydrolytic-acidogenic fermentation have however not been clearly defined by current research. High concentrations of Fe (III) oxide (16 g L-1) was reported by Coates et al. (2005) to have negative effect on VFA production. The enhanced yield of VFA in the supplement reactors showed that the Fe concentration at 22-26 mg/l in this study, gave an indication that the concentrations used did not have inhibitory effect on VFA production.
The evaluation of the concentrations of the micronutrients in the reactors (NI, NI-RM and NI-CN) after substrate feeding and in effluents  further emphasized that the micronutrients addition have likely contributed to the differences in the yield of VFAs in the reactors (Table 6). The concentrations of the micronutrients in the effluent were generally lower than the concentrations in the reactors after substrate feeding. The trend micronutrients uptake was, however, not clearly defined in the reactors. As shown in Table 6, no reduction or increase was observed in the elements including Al, Cd, Sb and Se. The lack of difference between the concentration of these elements at substrate feeding and in the effluent of the reactors could be attributed to the low concentrations of these elements, i.e. close to the lower range of the detection limit of the ICP-OES analytical technique used. It can also be said that the contributions of these elements in the difference in the VFA yields in the reactors were not significant. 
The elements with a notable concentration reduction in the reactors, and therefore potentially contributed more in the difference in the VFA yields included Co, Cu, Fe, Ni, Ti, S and Zn. As emphasized by Xie et al. (2015), the degree of uptake of Zn, Cu, Ni and Cd in an anaerobic reactor is highly dependent on the pH of the reactor and not necessary the degree of importance. These elements could however be important indicators in the performance of acidogenic fermentation because they are also pH dependant. Smith and Carliell-Marquet (2008) also emphasized the importance of Fe in AD, after they observed a positive linear relationship between total Fe concentration and biogas yield. Florencio et al. (1993) also highlighted the importance of Co in acidogenic and methanogenic conversions. They observed that the stimulation of methanogenesis due to the addition of Co alone was comparable to the stimulation when a complete trace elements mixture was added. When trace elements were supplied individually, cobalt stimulated methanogenesis greatly, and equaled the stimulation observed with the complete trace element mixture.
Lin (1993) defined the importance of the relative toxicity of heavy metals to VFA production as: Cu > Zn> Cd > Ni. The concentration of Cu in the NI, NI-RM and NI-CN substrates were 0.035, 0.051 and 0.062 mg/l, respectively; whilst its concentration in the effluents of the same reactors were 0.013, 0.12, 0.01 mg/l, respectively. The results therefore indicated a Cu reduction of approximately 63, 76 and 84% in the NI, NI-RM and NI-CN reactors respectively. Although significant uptake was observed, the quantity was very low, and therefore it was not expected to have a toxic effect on the reactor. Lin (1993) emphasized that Ni concentration of less than 300 mg/l was important for a healthy acidogenic environment. The concentrations of Ni, in all the reactors (NI, NI-RM and NI-CN), as shown in Table 6, were far lower than the toxicity limit defined by Lin (1993). The uptake of Zn was highest in the fermentation process (more than 80% uptake in all the reactors). The concentration was however low and therefore not expected to have any significant toxicity effect on the fermentation process.
It is a common trend that the role of micronutrients in AD is focused entirely on certain key elements such as Co, Fe and Ni, but it is important to note that the right balance of all the micronutrients in an anaerobic fermentation/digestion process may as well ensure a healthy metabolic environment. As highlighted by Smith and Carliell-Marquet (2008) the overdose of Fe or Al in the chemical P removal, not only cause toxicity in the AD process, but also the limitation of the bioavailability of P. Thus, the bioavailability of one element is dependent on the concentration of another.
This study is set on the basis that the micronutrients extracted from the microbial culture used in a near optimal fermentation/digestion of a particular substrate may provide the most suitable balance of the micronutrients for the fermentation/digestion of the same substrate.
3.2.2	The effect of micronutrients addition on the VFA production
As shown in Figure 3b, the average total VFA produced in the NI-CN reactor at steady-state fermentation was 24.03±0.42 gVFACOD L-1, approximately 21% higher than the yield obtained from the NI reactor (19.84±0.28 gVFACOD L-1). The results of an independent t test (Table 3b) showed that the mean difference between VFA yields from NI-CN and NI reactors were statistically significant, t= 8.810, p= 0.000. The effect size, Cohen’s d (3.696) > 0.80 were large, indicating that the distribution of the mean values of VFA yields between the two reactors are very different from one another. 
The average total VFA yield from the HI-CN reactor, at steady-state fermentation was 24.70±0.28 gVFACOD L-1, compared to the average total VFA yield of 22.98 ± 0.35 gVFACOD L-1 observed in the HI reactor, indicating a yield increase of approximately 7% (Table 3a). The results of an independent t test (Table 3b) showed that the mean difference between VFA yields from HI-CN and HI reactors were statistically significant, t= 3.98, p= 0.001. The effect size, Cohen’s d (1.624) > 0.80 were large, indicating that the distribution of the mean values of VFA yields between the two reactors was significantly different. The VFA yield difference observed due to the addition of micronutrients (comparing VFA yields from NI and NI-CN reactors) was found to be higher than the VFA yield difference observed in same experimental setup, but with the thermal pre-treatment of the inoculum (comparing VFA yields from HI and HI-CN reactors). The addition of micronutrients was therefore found to be less effective when the inoculum was heat-treated. 
A comparison of the average total VFA produced in the HI-CN reactor (24.70 ± 0.28 gVFACOD L-1) and that produced in the NI-CN reactor (24.03 ± 0.42 gVFACOD L-1), showed a negligible percentage yield rise of 3% (yield increase within error margin). The results of an independent t test (Table 3b) showed that the mean difference between VFA yields from HI-CN and NI-CN reactors were not statistically significant, t= 1.34, p= 0.196. 
It can be considered from the results that the thermal treatment of the inoculum (HI reactor) caused lyses of the microbial cell walls resulting in the release of cytoplasmic inorganic ions and organic compounds, and the dissolution of the membrane bound extracellular polymeric substances (EPS), which supported the production of VFA. The yield increase between the NI and HI reactors was comparable to the yield increase between the NI and NI-CN reactors. The micronutrients and organic compounds released due to the dissolution of EPS and release of cytoplasmic inorganic ions were therefore found to cause a significant increase in VFA production, eclipsing the importance of the addition of micronutrients, when the inoculum was thermally pre-treated.
The most prominent VFA product in the effluent of N0, NI and HI, HI-CN, NI-CN and NI-RM reactors was acetic acid, representing approximately 32, 35 and 37, 39, 37 and 40% of the total VFA respectively (Figure 4), consistent with the findings from Morgan-Sagstume et al. (2011), who also observe an acetic acid fraction of 35-40%, when fermenting TH-WAS sludge at 42ᵒC.
The trend of VFA production in the N0 reactor, as illustrated in Figure 4, was quite different from all the other reactors (NI, HI, HI-CN, NI-CN, NI-RM). The major variation was observed in the trend of production of the acetic and n-valeric acids. Higher chain length VFAs production seemed to be more related to a lack of micronutrients availability.
The trend of production of VFA correlated particularly well with the different environmental conditions which likely impacted on the microbial populations in the anaerobic reactors.
William et al. (2013), using the quantitative polymerase chain reaction technique to monitor the microbial populations in a full scale anaerobic digester treating food wastes, observed a significantly positive effect from an addition of micronutrients on the populations of bacteria and hydrogenotrophic methanogens. 
The negligible yield of H2 in the NI reactors could be linked to H2 consumption by the hydrogenotrophic methanogens or homoacetogenic microorganisms which were potentially stimulated by the addition of micronutrients, according to the observation of William et al. (2013). Luo et al. (2011), however, observed that whereas hydrogenotrophic methanogens are limited at pH below 6 (as observe in NI, NI-CN and NI-RM), homoacetogens are not affected. It can therefore be suggested that the micronutrients addition potentially aided the growth of acidogenic bacteria (which facilitated propionic acid conversions to acetic acid) and homoacetogenic microorganisms (which facilitated conversion of H2 and CO2 to acetate), resulting in improved VFA yield in the supplemented reactors (NI-CN and NI-RM). The higher pH (6.75±0.06) and partial methanogenesis observed in the N0 reactors gives indication of a possible presence of hydrogenotrophic methanogens that consumed H2 leading to a reduced H2 yield and consequently a lower pH yield.
The trend of production of VFA products in the NI-RM reactor was closer to the VFA production trend in the NI-CN and HI-CN reactors, compared to the trend observed in the NI and HI reactors, indicating that the micronutrients availability have potentially allowed a conversion of higher chain VFAs to acetic acid, supported by a possible increase in growth/ activity of homoacetogens. The selection of the acidogenic population via the high loading-low pH technique, used in this study, resulted in a relatively low pH and therefore contributed to a shift in the microbial metabolism towards the production of lower chain VFAs (particularly acetic acid) rather than hydrogen. 
3.3	Recovered soluble microbial nutrients as a micronutrient source to enhance VFA production
As shown in Figure 5, the NI-RM reactor resulted in an average VFA yield of 25.11 ± 0.28 gVFACOD L-1. The yield was found to be approximately 27% higher than the yield obtained in the NI (control) reactor, with no RM addition. The results of an independent t test (Table 3b) showed that the mean difference between VFA yields from NI-RM and NI reactors were statistically significant, t= 13.43, p= 0.000. The effect size, Cohen’s d (5.299) > 0.80 were large, indicating that the distribution of the mean values of VFA yields between the two reactors was significantly different.
The VFA yield obtained from the NI-RM reactor was comparable to the yield obtained from the NI-CN reactor (24.03 ± 0.42 gVFACOD L-1). The yield difference of approximately 4% in favour of NI-RM compared to the NI-CN, can be considered to be negligible (within the error margin). The results of an independent t test (Table 3b), however, showed that mean difference between VFA yields from NI-RM and NI-CN reactors were statistically significant, t= 2.22, p= 0.037. The effect size, Cohen’s d (0.906) > 0.80 were large, indicating that the distribution of the mean values of VFA yields between the two reactors was significantly different.
The VFA yield obtained from the NI-RM reactor was also found to be approximately 9% higher than the yield obtained from the HI reactor (22.98 ± 0.35 gVFACOD L-1). The results of an independent t test (Table 3b) showed that the mean difference between VFA yields from NI-RM and HI reactors were statistically significant, t= 4.97, p= 0.000. The effect size, Cohen’s d (2.029) > 0.80 were large, indicating that the distribution of the mean values of VFA yields between the two reactors was significantly different. 
The EPS matrix, a complex high-molecular weight mixture of polymers surrounding the living cells, usually contain high-molecular weight secretions from the microorganism, inorganic ions, macromolecules, lipids, proteins, carbohydrates, nucleic acid and uronic acids (Sheng et al., 2010).  The thermal treatment of the digested sludge used in the preparation of RM may have resulted in the dissolution of the EPS and release of cytoplasmic inorganic ions and organic compounds, indicated by the increased concentration of soluble COD, carbohydrates, proteins (Table 4a) and bioavailability of trace minerals (Table 5) in the RM compared to the control (digested sludge centrate) . The enhanced VFA production in the NI-RM, compared to NI could therefore be attributed to the bioavailability of inorganic ions (trace minerals) and organic macro-micronutrients (including: proteins and carbohydrates) from the RM addition. 
The quantity of VFA produced from the TH-WAS with no micronutrients addition was 16.56 ± 0.46 gVFACOD L-1, which was found to be consistent with the quantity observed by Morgan-Sagastume et al. (2011) (14.2 ± 0.6 gVFACOD L-1). Morgan-Sagastume et al. observed a 15 – 25% VFA yield increase when the substrate was changed from TH-WAS to a thermally hydrolysed sludge composed of a mixture of primary sludge and WAS. The primary sludge is a much easier to hydrolyse substrate than WAS and  provides more easily available nutrients and an organic carbon source which would likely also reduced pH more effectively, resulting in the improved VFA yield. As emphasized by Ucisik and Henze (2008), primary sludge (because of availability of excess nutrients) is easier to digest compared to WAS.
The importance of the availability of additional nutrients was confirmed in this study, as observed in the NI-CN and NI-RM, resulting in a VFA yield of 24 – 25 gVFACOD L-1 (taking into consideration the two runs) i.e. 21 – 27% higher than the yield obtained in the no micronutrients control (NI). The use of RM as micronutrients source, instead of CN, may give relatively higher VFA yield compared to the primary-secondary sludge mixture technique employed by Morgan-Sagastume et al. (2011) in plants whereby sludges are of secondary sewage treatment nature only, such as in sequencing batch reactors. Taking into consideration the additional VFA yield generated by the mixture in Morgan-Sagastume et al study in comparison with TH-WAS only, the use of RM could further improve the yield of VFAs obtained even from primary and secondary sewage sludge mixtures, as substrate.
The use of RM is expected to also help reduce the overall operational cost of plants by facilitating an improved acidification and even a digestion process without the need to add more micronutrients, resulting in a further help to reduce the environmental burden of sludges when disposed to land due to their lower metal content. The use of RM as micronutrients will also improve the overall economic benefits of AD by obtaining value added products (chemicals) from the digested sludge, perfecting the story of AD in terms of life cycle assessment and making RMN a potential media for the growth of numerous microbial species within bio refinery platforms. RM as a micronutrients source can also be used in secondary processes such as methane production, PHA production and in BES.
4.	Conclusion
	The selection of acidogenic inoculum by reducing pH using a high dose of sucrose was found to be effective for VFA production from the fermentation of thermally hydrolysed WAS, increasing VFA yield by approximately 20%, compared to the control. 
	Thermal treatment of inoculum can enhance VFA production, approximately 16% higher than that obtained from low pH-sucrose inoculum pre-treatment. The amount of VFA produced using thermally pre-treated inoculum was comparable (3% difference) to the quantity produced when commercial micronutrients without thermal pre-treatment of inoculum was used. 
	The addition of recovered microbial nutrients, as micronutrients source in the fermentation associated with sucrose shock inoculum selection resulted in a VFA yield of 25.11 ± 0.27 g VFACOD L-1, which was comparable to the yield obtained from the use of commercial micronutrients; approximately 27% higher than the control, and about 9% higher than the thermal inoculum treatment.
	The study emphasizes the importance of exploiting the benefits of anaerobically digested sludge as microbial activity enhancing micronutrient sources.
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